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Pionic measures of parity andCP violation in high energy nuclear collisions

Dmitri Kharzeev*
RIKEN BNL Research Center and Department of Physics, Brookhaven National Laboratory, Upton, New York 11973-500

Robert D. Pisarski†

Department of Physics, Brookhaven National Laboratory, Upton, New York 11973-5000
~Received 16 June 1999; published 11 May 2000!

The collisions of large nuclei at high energies could produce metastable vacua which are odd under parityP,
charge conjugationC, and/orCP. Using only the three-momenta of charged pions~or kaons!, we show how to
construct global observables which are odd underP, C, andCP, and which can be measured on an event by
event basis. Model dependent estimates of theP-odd observables are on the order of 1023.

PACS number~s!: 11.30.Er. 12.39.Fe, 24.85.1p, 25.75.Dw
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In a previous Letter we proposed a detailed model
which metastable vacua could arise in hot QCD@1#. These
metastable states are related tou-vacua, and so are odd und
charge conjugation times parity,CP. ~For related studies
especially in supersymmetric theories, see@2–4#.! An obvi-
ous question is how the breaking of this discrete symme
by a metastable bubble could be measured in the collis
of large nuclei at high energies. As the bubble is odd undeP
andCP, the pions produced by its decay must also be i
state which is odd under these symmetries. In@1# we pro-
posed measuring, on an event by event basis, a global
able which is odd underP.

In this article we do two things. Using only the momen
of charged pions in an event, we construct global obse
ables which are odd under the discrete symmetries ofP, C,
and/orCP. Our discussion is general, independent of wh
ever detailed mechanism might produce nonzero values
these variables. For the collisions of nuclei with equal atom
number, as the initial state is even underP, the observation
of a P-odd final state must be due to parity violation, such
by a P-odd bubble. Based upon our specific model@1#, we
then give a rough estimate of the magnitude of theP-odd and
CP-odd effects; we find that the asymmetries can be re
tively large, at least;1023.

At high energy, nucleus-nucleus collisions produce ma
pions, on the order of;1000 per unit rapidity at energie
reached at the BNL Relativistic Heavy Ion Collider~RHIC!.
Experimentally, it is probably easiest to detect charged pi
and their three-momenta.~All of our comments apply
equally well to charged kaons.! Thus we are led to conside
constructing observables only from the three-momenta
p1’s, pW 1 , andp2’s, pW 2 . As vectors, under parity the three
momenta transform as

P: pW 1→2pW 1 , pW 2→2pW 2 . ~1!

Charge conjugation switchesp1 andp2,

C: pW 1↔pW 2 . ~2!
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Lastly, time reversal,T, acts like parity on the pion mo
menta, switching their sign:pW 1→2pW 1 and pW 2→2pW 2 un-
der T.

It is a theorem that anyP-odd invariant formed from
three-vectors can be represented as a sum of terms, ea
which involves one antisymmetric epsilon tensor@5#. The
variable which we proposed previously is of this type@1#:

J5 (
p1,p2

~ p̂13 p̂2!• ẑ. ~3!

In order to formJ we have introduced an arbitrary, fixe
vector of unit norm,ẑ. If ẑ→2 ẑ under parity, thenJ is odd
underP. In J we use the unit vectorsp̂65pW 6 /upW 6u so that it
is a pure, dimensionless number. The variableJ is separately
odd underP and C, and so is even underCP. It is even
underT andCPT.

The variableJ is closely analogous to ‘‘handedness
originally introduced to study spin dependent effects in
fragmentation@6#. There the axisẑ is usually defined by the
thrust of the jet, withp̂1 and p̂2 representing the direction
of pions formed in the fragmentation of the jet. Correlatio
between the handedness of different jets produced in a g
event are sensitive toCP-violating effects@7#.

It is not difficult to construct other invariants with differ
ent transformation properties. We introducekW 6 as

kW 65(
p1

pW 16(
p2

pW 2 , k̂65kW 6 /k6 , ~4!

and then form

K65 (
p1,p2

~ p̂13 p̂2!• k̂6 . ~5!

The variablesK6 areP-odd;K1 is C-odd, and soCP-even,
while K2 is C-even, and soCP-odd. BothK6 areT-odd, so
that K1 is CPT-odd, andK2 is CPT-even. The vectorkW 1

measures the net flow of the charged pion momentum, w
kW 2 measures the net flow of charge from pions.

We can also form
©2000 The American Physical Society01-1
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L5 (
p1,p2

~ p̂13 p̂2!• ẑ S p1
2 2p2

2

p1
2 1p2

2 D . ~6!

The variableL is P-odd, C-even, andT-even, so it is odd
underCP and CPT. It does not require a net flow of mo
mentum or charge to be nonzero, although as forJ, we do
need to introduce an arbitrary unit vectorẑ.

Similar to L , we can form@8#

M5 (
p1,p2

S p1
2 2p2

2

p1
2 1p2

2 D . ~7!

This variable isP-even,C-odd,T-even, and so odd underCP
andCPT.

Besides using the vectorskW 6 , another way of avoiding
the introduction of an arbitrary unit vectorẑ is to use ordered
pairs of pion momenta@9,10#; this procedure is also used i
the studies of spin-dependent effects in jet fragmenta
@6,7#. For any given pair of like sign pions, letpW 18 denote the

p1 with largest momentum, soupW 18 u.upW 1u. This ordering is
done in the frame in which the observable is measured. T
we can form a triple product as

T65 (
p1,p2

~ p̂13 p̂2!•~ p̂18 6 p̂28 !, upW 68 u.upW 6u. ~8!

The variablesT6 are odd underP and T; T1 is C-odd,
CP-even, andCPT-odd, whileT2 is C-even,CP-odd, and
CPT-even. Besides the variablesT6 , one can clearly con-
struct otherP- andC-odd observables from triplets, or highe
numbers, of pions.

On general grounds, any scalar observable should be
variant under the combined operation ofCPT @11#. Conse-
quently, theCP-odd variablesJ, K2 , andT2 are allowed
underCPT, while K1 , L , M , andT1 must vanish.

The metastableP-odd bubbles of Ref.@1# were derived
within the context of a nonlinear sigma model, with aU(3)
matrix U, U†U51. The metastable vacua are stationa
points with respect to the nonlinear sigma model action,
cluding the terms with two derivatives, a mass term, and
anomaly term@12#:

L5 f p
2 H 1

2
tr~]mU†]mU !1c tr„M ~U1U†!…

2a~ tr ln U2u!2J , ~9!

where f p593 MeV is the pion decay constant, andu is the
u-parameter. In QCD,u<1029; we retainu for now, be-
cause it helps illuminate the nature of theP-odd bubbles.M
is the mass matrix for current quark masses,M
5diag(m1 ,m2 ,m3), and c is a constant. In this paper w
only need the ratios of these quantities: takingm15mu ,
m25md , m35ms , for the up, down, and strange qua
masses, respectively, we takemu /md'1/2 and mu /ms
'1/36. The anomaly term is proportional to the topologic
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susceptibility,a;*d4x ^Q(x)Q(0)&, whereQ is the topo-

logical charge density,Q5g2/(32p2)tr(GmnG̃mn) @12#. At
zero temperature,a is large, and theh8 meson is heavy,
mh8

2 ;a.
We are interested in stationary points of the effective L

grangian,L. In our previous work@1#, for simplicity we as-
sumed that the stationary point is constant in space and t
so that only the mass and anomaly terms enter into the e
tions of motion. By a global chiral rotation, a constantU
field can be rotated into a diagonal matrix. WithUi j
5exp(ifi)d

ij , the effective potential becomes

V~f i !5 f p
2 F2c(

i
mi cos~f i !1

a

2 S (
i

f i2u D 2G .
~10!

At a stationary point, thef i ’s satisfy

cmi sin~f i !5a~f11f21f32u!. ~11!

We are interested in solutions for which thef iÞ0. It is clear
from the stationary point condition that nonzero values
f11f21f3 act like having a system withuÞ0. With this
insight, we setu50 henceforth.

As the anomaly term in Eq.~10! arises from tr lnU, ( if i
is defined to be periodic modulo 2p. Consequently, when
the anomaly term vanishes,a50, then anyf i equal to a
multiple of 2p is a solution, but by periodicity these are a
equivalent to the trivial solution,f i50. WhenaÞ0, how-
ever, Witten observed@13# that there may be nontrivial so
lutions, in which somef i arenear a multiple of 2p. These
are not equivalent to the trivial vacuum, and represent
spontaneous breaking ofP and CP symmetries, in exactly
the same way asuÞ0 violatesCP symmetry. These solu
tions only arise whena is sufficiently small. Based upon a
analysis in the limit of a large number of colors, we su
gested that near the phase transition,a becomes much
smaller than its value at zero temperature@1#. In a mean field
type of analysis, withTd the temperature of the deconfinin
transition, andt5(Td2T)/Td the reduced temperature, w
found that c(T);1/t1/2 and a(T);t, so that the relevan
ratio,a/c, scales asa(T)/c(T);t3/2. With the parameters o
our model, we find thatP-odd bubbles appear oncea/c is
;1% of its value at zero temperature. Asa/c→0, these
solutions satisfyf1'2p2fu , f2'2fd , andf3'2fs ,
where mufu'mdfd'msfs . For example, in our model
P-odd bubbles first appear whena/c,(a/c)cr;0.24. At this
point,fu'1.8, fd'0.5, andfs'0.03. We stress that this i
only the stationary point with minimal action; for arbitrar
integersn561,62 . . . , there exist other stationary point
with f1'2np, and f2'f3'0, with energy densities
which grow like;n2.

In terms of the underlying gluonic fields, theP-odd
bubbles arise from fluctuations in the topological charge d
sity, GmnG̃mn. It is easy to understand how a region in whic
GmnG̃mnÞ0 can produce aP-odd effect. Consider the propa
gation of a quark anti-quark pair through a regioin in whi
GmnG̃mnÞ0; in terms of the color electric,EW , and color
1-2
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magnetic,BW , fields, GmnG̃mn;EW •BW . If EW and BW both lie
along the ẑ direction, then a quark is bent one way, t
anti-quark the other, so that (pW q3pW q̄)• ẑÞ0, wherepW q and
pW q̄ are the three-momenta of the quark and anti-quark,
spectively. While physically intuitive, this picture does n
allow us to directly relate this bending in the momenta of
quark and anti-quark to an asymmetry for charged pions

To do so, we again resort to using an effective Lagra
ian. It is known that the effects of the axial anomaly show
in the effective Lagrangians of Goldstone bosons in t
@12–15#, and only two @16#, ways. One is through the
anomaly term@12,13#, ;a, which we have already included
Besides that, however, the axial anomaly also manifest
self in the interactions of Goldstone bosons through
Wess-Zumino-Witten term@14,15#. This term is nonzero
only when the fields are time dependent, which is why
could ignore it in discussing the static properties ofP-odd
bubbles. It cannot be ignored, however, in computing
dynamical properties, and in particular the decay, ofP-odd
bubbles. The Wess-Zumino-Witten term is manifes
chirally symmetric when written as an integral over five d
mensions:

Swzw52 i
1

80p2E d5x«abgds tr~RaRbRgRdRs!, ~12!

Ra5U†]aU, but reduces to a boundary term in four spac
time dimensions. ForU5exp(iu), when]au!1,

Swzw'
2

5p2E d4x«abgd tr~u]au]bu]gu]du!. ~13!

As discussed by Witten@15#, the coefficient of the Wess
Zumino-Witten term is fixed by topological consideration
and is proportional to the number of colors, which equ
three.

In a collision, we envision that the trivial vacuum hea
up, a P-odd bubble forms, and then decays as the vacu
cools. Since this represents bubble formation and de
there is no net change in any topological number. Theref
it is possible for a given event to contain an excess
bubbles over anti-bubbles~or vice versa!, and thus to mani-
fest true parity violation on an event by event basis.

To estimate the magnitude of the Wess-Zumino-Wit
term for aP-odd bubble, and to understand its effect on pi
production, in Eq.~13! we can take threeu’s to be conden-
sate fields,u;fu,d,s , and two to be charged pion fields,u
;p6 / f p . Suppose that theP-odd bubble is of sizeR, with
unit normal r̂ to the surface, and lasts for some period
time. Because of the antisymmetric tensor in Eq.~13!, all
three components of the condensate field must enter. S
matically, we obtain

Swzw'
2

5p2 E dtE d3rfu] rfd]0fs~pW p13pW p2!• r̂ .

~14!
11190
e-

e

-
p
o

it-
e

e

e

-

,
s

m
y,
e,
f

n

f

e-

The time integral is*dt ]0fs;dfs5fs , sincefs50 in the
normal vacuum. Similarly, the spatial integral
*d3r ] rfd (pW p13pW p2)• r̂;*dV *R2dr ] rfd (pW p13pW p2)
• r̂;*dV R2fd (pW p13pW p2)• r̂ , where *dV represents an
integral over the direction of the normal,r̂ . Further, as the
average momentum within the condensate is of orderpp

;1/R, the size of the bubble drops out as well. We th
obtain a final result which is independent of the size of
bubble, its lifetime, and its width:

Swzw'
2fufdfs

5p2 E dV ~ p̂p13 p̂p2!• r̂ . ~15!

Since the Wess-Zumino-Witten term vanishes for a sta
field, an asymmetry is only obtained from the decay o
P-odd bubble. In addition, scattering of pions off theP-odd
bubble will also produce an asymmetry, although we do
include this at present. Lastly, note that there is only
observable asymmetry whenfsÞ0; this is because in the
absence of external gauge fields, there is only a We
Zumino-Witten term for three, and not for two, flavor
Within this model,Swzw is of similar form for two charged
kaons.

Using our previous estimates for thef ’s, fu;fd;1 and
fs;1022, we obtain an effect of order;1023. At the point
where theP-odd bubble first appears, (a/c)cr , one can esti-
mate that the energy density within the bubble, relative to
ordinary vacuum, is;25n2 MeV/fm3, wheren is the wind-
ing number of the bubble,n51,2,3. . . . For abubble;5
fm in radius, there are about;100n2 pions produced in the
decay of the bubble. If a fraction of the produced pions
observed within a given kinematical window, and we assu
that all observed pions come from a portion of the to
bubble, then we recover the variableJ, introduced before in
Eq. ~3!, and find an estimate ofJ;1023. Moreover, we find
a natural interpretation of the directionẑ, which was needed
to defineJ, as the normal to the bubble’s surface. One mig
wonder if the effect is diluted by the necessity to avera
over uncorrelated pairs. This does not happen, however,
cause the pion field within the bubble is a classical field,
that all charged pions are affected similarly.

Naively, one might expect thatJ would average to zero
over a single bubble. As the bubble is topological, thou
the direction in which charged pions are swept is correla
with the sign of the condensate, so that a singleP-odd bubble
can produce an effect inJ;1023. Thus it is possible to
distinguish between events in which bubbles are produc
and those in which bubbles are not, by measuringJ.

At first it may seem surprising that ourP-odd, C-even,
andCP-odd bubble produces a signal inJ, which by previ-
ous analysis isP-odd, C-odd, andCP-even. The Wess-
Zumino-Witten term is even under parity, which
P0(21)NB, where P0 is the operation of space reflection
and NB counts the number of Goldstone bosons@15#. By
scattering off aP-odd bubble, we bring in an odd number o
condensate fields,J;fufdfs , Eq. ~15!, and so change the
1-3
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~apparent! quantum numbers to beP-odd andCP-even. This
is only apparent, as scattering off an anti-bubble will give
opposite sign ofJ.

We expect that bubbles will generate signals for the ot
variables presented of similar magnitude. For example
single bubble will induce a net flow of pion charge, and
contribute toK2;1023, Eq. ~5!. Through coherent scatter
ing in a bubble, we would also expect the variablesK1 , L ,
andT6 to develop signals;1023. Further, hot gauge theo
ries can also exhibit metastable states which areP-even and
C-odd @17#; these generate signals forM @8#.

The idea of exciting metastable vacua in hadronic re
tions is an old one@18#, as is the idea that a collective pio
field can produce large fluctuations in heavy ion collisions
an event by event basis@19#. We wish to emphasize tha
there are certain topologically nontrivial configurations
pion fields which produce signals that are odd under
discrete symmetries ofP, C, and/orCP. Any observation of
such violation of these discrete symmetries would
prima facie, evidence of novel physics. Whatever creden
one ascribes to our detailed dynamical model, the obs
ables which we propose herein are possible to measure@20#,
and we strongly encourage our experimental colleag
to do so.
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Note added in the proof.After this work was submitted
for publication, Morley and Schmidt brought a work of thei
@21#, of which we were previously unaware, to our attentio
They discuss howP, CP, andT violations can arise in heavy
ion collisions from regions in whichuÞ0. However, they
offer no specific mechanism by which such regions could
generated. They do propose a signature—spin correlat
between outgoing photons—but to measure this experim
tally appears challenging. To the best of our knowledge,
possibility of spontaneousP, CP, andT violations in strong
interactions was raised by Lee@22#, see especially Appendix
D of this reference. In a modern context, Lee considers anh8
condensate, which is equivalent to a region with nonzeru
angle. For example, Lee’sh8 condensate induces a nonze
electric dipole moment of the neutron@Eq. ~49!# andP- and
CP-odd contributions to hadronic scattering amplitudes@Eq.
~48!#. Lee @23# and also Lee and Wick@18# discuss how
metastable vacuum states, such as those with^h8&Þ0, arise
in effective hadronic theories, and can form ‘‘abnorma
states of hadronic matter.

We wish to thank M. Gyulassy, C. P. Korthals Altes,
D. Lee, J. Sandweiss, and E. V. Shuryak for discussions.
work of R.D.P. is supported by a DOE grant at Brookhav
National Laboratory, DE-AC02-76CH00016.
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